GABA A receptors; spinal cord; primary afferents PRESYNAPTIC INHIBITION MEDIATED by GABA A receptors, ligandgated Cl Ϫ channels, modulates transmitter release from primary afferents. In the adult nervous system the presence of the Na ϩ -K ϩ -Cl Ϫ cotransporter 1 (NKCC1) in primary afferents (Mao et al. 2012 ) results in a depolarized Cl Ϫ equilibrium potential. Consequently, activation of GABA A receptors causes primary afferent depolarization (PAD) (Eccles et al. 1961a; Kullmann et al. 2005; Rudomin and Schmidt 1999) . Paradoxically, PAD can induce propagation of antidromic action potentials (dorsal root reflexes, DRR) (Eccles et al. 1961b; Willis 1999 ) that induce the release of substance P and calcitonin gene-related peptide (CGRP) in the periphery. These vasoactive substances play an important role in the generation of neurogenic inflammation in different tissues, including skin and joints (Willis 1999) .
In primary afferents, GABA can depolarize the dorsal roots, the soma of dorsal root ganglia (DRG) neurons, and peripheral nerve terminals. This suggests that extrasynaptic GABA A receptors are present in axons and cell bodies (Brown and Marsh 1978; Carlton et al. 1999; De Groat et al. 1972; Deschenes et al. 1976; Feltz and Rasminsky 1974; Levy 1975; Morris et al. 1983) . Immunohistochemistry, in situ hybridization, and electrophysiological studies have suggested that ␣ 1 , ␣ 2 , and ␣ 3 GABA A receptors are expressed on nociceptive primary afferents (Bohlhalter et al. 1996; Knabl et al. 2008; Ma et al. 1993; Paul et al. 2012; Persohn et al. 1991; Witschi et al. 2011; Zeilhofer et al. 2012) . It also has been proposed that these receptors may play a role in the modulation of nociceptive transmission and spinal pain control (Carlton et al. 1999; Witschi et al. 2011 ). In addition, activation of extrasynaptic GABA A receptors located in the distal region of mossy fibers in the hippocampus (Ruiz et al. 2003) and granule cell axons in the cerebellum (Pugh and Jahr 2011) reduce neuronal excitability.
Extrasynaptic GABA A receptors in the hippocampus, thalamus, cerebellum, and sensory cortex may be activated by ambient GABA. In these cells, extrasynaptic GABA A receptors are involved in tonic inhibition and mainly contain ␣ 4/6 -and ␣ 5 -subunits (Farrant and Nusser 2005) . Interestingly, this GABAergic tonic inhibition is present in DRG neurons (Lee and Gold 2012) . Immunohistochemistry, in situ hybridization, and RT-PCR analysis indicate the presence of ␣ 5 -subunitcontaining GABA A receptors in DRG neurons (Knabl et al. 2008; Ma et al. 1993; Maddox et al. 2004; Paul et al. 2012) , although their functional role in primary afferents has not been defined. In this study we provide evidence that the excitability of primary afferents in the turtle spinal cord is tonically modulated by ␣ 5 GABA A receptors activated by ambient GABA. We show that the DRR is depressed by L-655,708, an inverse agonist of the ␣ 5 GABA A receptors that binds to the benzodiazepine site but induces a response opposite to the endogenous agonist GABA (Quirk et al. 1996) . Likewise, using an excitability test, we also show that L-655,708 increases tonic axonal excitability and depresses the DRR without depressing the PAD activated by a conditioning stimulation of an adjacent dorsal root, indicating that ␣ 5 GABA A receptors may not contribute to phasic excitability.
METHODS
Preparation. Adult turtles (Trachemys scripta spp., carapace length 15-20 cm) were anesthetized with pentobarbitone (100 mg/kg ip). The plastron was opened and the blood removed by intraventricular perfusion with Ringer solution (ϳ10°C) of the following composition (in mM): 120 NaCl, 5 KCl, 15 NaHCO 3 , 3 CaCl 2 , 2 MgCl 2 , and 20 glucose saturated with 2% CO 2 and 98% O 2 to obtain a pH of 7.6. The laminectomy was made to isolate lumbar spinal enlargement containing segments from D7 to D10 in continuity with the dorsal roots. In some preparations, a spinal nerve of ϳ1 cm long was left in continuity with the dorsal root (see Fig. 3C ). Although there are no reports on the effects of temperature in the turtle spinal cord physiology, the in vitro preparation is very sensitive to high temperatures. In our experience, temperatures Ͼ30°C severely affect the viability of the preparation. Therefore, for electrophysiological recording the preparation was placed in a recording chamber and perfused with Ringer solution at room temperature (20 -22°C).
The animals were killed by fast decapitation at the end of the dissection. All experiments were carried out with the approval of the Cinvestav Experimental Ethics Committee and in accordance with the current Mexican Norm for Care and Use of Animals for Scientific Purposes. The animals were provided by the National Mexican Turtle Centre (Mazunte, Mexico) with authorization (DGVS-03821/0907) by the Federal Mexican Government Ministry of Environment and Natural Resources (Secretaría de Medio Ambiente y Recursos Naturales, Semarnat).
Electrophysiological recordings: dorsal root potential and dorsal root reflex. The dorsal roots (DR8 and DR9) were mounted in suction electrodes (see Fig. 1A ). The dorsal root potential (DRP) and DRR recorded from DR8 were evoked by electrical stimulation (2ϫ threshold) of the ipsilateral dorsal root (DR9). In some experiments, the cord dorsal potential (CDP) was recorded using a suction electrode placed on the dorsal cord close to the entrance of DR8 (see Fig. 1A ). The recording suction electrodes were connected to a differential AC amplifier (Grass Instruments) with a bandwidth of 0.1 Hz to 10 kHz. The dorsal roots were stimulated with a rectangular current pulse (0.5 ms). The threshold was defined as the minimum stimulus intensity that elicits a measurable DRP. Unless otherwise noted, the recordings shown represent the average of 10 stimuli applied every 30 s.
Excitability test. To study the modulation of excitability in primary afferent terminals by GABA A receptors, we used the excitability testing technique. This technique is based on the assumption that primary afferent depolarization approaches the membrane potential to the action potential threshold. The excitability testing technique provides a means to assess phasic and tonic changes in the polarization of preterminal regions of primary afferent fibers. The tonic state of excitability is reflected in the size of the compound antidromic action potential (aAP) induced by an electric intraspinal stimulus, whereas the phasic increase in excitability can be evaluated through a conditioning stimulus applied to a dorsal root to activate the PAD. Therefore, after a conditioning afferent volley, the intraspinal electrical stimulation test will recruit more afferents than the unconditioned test (Wall 1958) .
The procedure employed to activate antidromically primary afferents by intraspinal electrical stimulation is shown (see Fig. 3A ). One dorsal root (see Fig. 3A ) or a central stump of a spinal nerve in continuity with two segments of the lumbar spinal cord standing vertically (Fig. 3C ) was suctioned with a glass electrode connected to an AC amplifier (Grass Instruments) to record the aAP evoked by the intraspinal electrical stimulation. Stimulation was applied through a glass electrode filled with NaCl (2 M) held in a micromanipulator. The electrode placed perpendicular to the transversal section (see Fig. 3 ) was introduced where the primary afferent terminals are located, based on intracellular staining (Ruigrok et al. 1985) . The stimulating electrode was moved down in 3-m steps through the spinal cord segments placed vertically (see Fig. 3 ), and rectangular electrical pulses of 40 A (0.5 ms) at 3 Hz were applied until the antidromic responses were recorded in the dorsal root or a central nerve stump. The position of the electrode was then adjusted to produce the aAP with the lowest threshold. Unless otherwise noted, the recordings shown represent the average of 10 stimuli applied every 30 s.
Reverse transcription-polymerase chain reaction. Total RNA was extracted from nerves and DRG using Trizol reagent according to the manufacturer's instructions (Invitrogen). For cDNA synthesis, samples of total RNA (5 g) were subjected to reverse transcription with 1 l of oligo-dT (500 g/ml) and 1 l (200 U) of Moloney murine leukemia virus RT enzyme (Invitrogen) in a 20-l reaction mixture at 37°C for 1 h. cDNA amplification was carried out by PCR in a total volume of 50 l: 5 l of cDNA, 1ϫ PCR buffer (20 mM Tris·HCl, 50 mM KCl, pH 8.4), 0.2 mM of each deoxynucleotide triphosphate, 1.5 mM MgCl 2 , 0.5 M of each primer, and 2.5 units of Taq DNA polymerase (Invitrogen) on a PCR thermal cycler (Thermo Fisher Scientific). The synthetic oligonucleotide primers used for PCR amplification were identical in sequence to those utilized in a previous study (Castro et al. 2011b ). The reaction was performed as follows: 30 cycles of 94°C for 45 s, 55°C for 30 s, and 72°C for 1 min. PCR products were resolved by electrophoresis on 1.5% agarose gels, stained with ethidium bromide, and analyzed under ultraviolet light (amplicon length 392 bp). The identity of the amplicon was confirmed by automated sequencing.
Western blot. D8 and D9 DRGs were homogenized in lysis buffer containing 50 mM Tris·HCl, pH 8.0, 150 mM NaCl, and 0.5 mM phenylmethylsulfonyl fluoride, 1% NP-40 with a protease inhibitor cocktail (Complete EDTA-Free; Roche). The resulting cell lysates were centrifuged at 12,000 g for 2 min to remove cellular debris. Protein concentration was determined using the bicinchoninic acid method. Proteins (80 g) were solubilized in Laemmli buffer, boiled for 5 min, and then separated on 10% SDS-PAGE and transferred onto nitrocellulose membranes (GE Healthcare). Membranes were blocked for 1 h at room temperature in TBS-T (150 mM NaCl, 10 mM Tris·HCl, pH 8, 0.05% Tween 20) containing 5% low-fat dried milk and then incubated overnight at 4°C with the anti-␣ 5 GABA A receptor antibody (Sigma). After three washes in TBS-T, membranes were incubated with a horseradish peroxidase-conjugated secondary antibody (Jackson ImmunoResearch). Protein bands were detected using an enhanced chemiluminescence system (Millipore).
DRG immunostaining. Immunohistochemistry was performed as described previously (Castro et al. 2011b ). Briefly, 30-m turtle spinal cord sections were first incubated overnight with the anti-␣ 5 GABA A receptor primary antibody (Sigma; 1:100 dilution), and subsequently exposed for 1 h to the secondary antibody (1:200; Dylight 549-conjugated anti-rabbit IgG; Jackson ImmunoResearch). Nuclei were counterstained with TO-PRO-3 iodide (Invitrogen). Samples were examined using confocal laser scanning microscopy (Leica TCS SP2). Images were obtained with the filter set for Dylight 549 using the ϫ20 and ϫ40 oil-immersion plan apochromatic objectives (NA 0.5 and 0.8, respectively).
Drugs. Picrotoxin (20 -100 M), gabazine (1 M), and L-655,708 (20 M), purchased from Sigma-Aldrich (St. Louis, MO), were applied to the bath solution to block GABA A receptors. Tetrodotoxin was obtained from Alomone Labs (Jerusalem, Israel) and applied at 1 M.
Data and statistical analysis. The activity of GABA A antagonists was quantified by measuring the area under the curve of DRR (see Fig. 1B ), N wave of CDP (see Fig. 2D ), aAP (see Fig. 4B ), and DRP amplitude (see Fig. 1B ). Values are means Ϯ SE. The statistical difference between means was determined using Student's t-test. Means were considered statistically different when P Ͻ 0.05.
RESULTS

Properties of the DRP and the DRR in the adult turtle spinal cord.
In eight preparations, the DRP and DRR recorded in one dorsal root were evoked by electrical stimulation (2ϫ threshold) of an adjacent dorsal root (Fig. 1A) . The dorsal root recording presented in Fig. 1B shows the three phasic potentials DRI-DRIII related to the afferent volley, followed by a positive potential (DRIV) and a long-lasting negative potential (DRV) known as DRP. Similar characteristics of the dorsal root potentials have been reported to be present in amphibians and mammals (Lloyd and McIntyre 1949; Tregear 1958; Willis 1999) . The DRIV occurs at the same time as the N wave recorded from the CDP (Figs. 1A and 2C) representing the activity of neurons activated by the afferent volley, including those responsible for the DRP generation (Lidierth and Wall 1998) . In most preparations, a compound aAP known as the DRR (Lloyd and McIntyre 1949; Tregear 1958; Willis 1999) was recorded immediately after the onset of the DRP with a central delay of 10 ms ( Fig. 1 , B and C). The DRR is activated by a depolarization (PAD) of the central terminals of primary afferent fibers (Koketsu 1956; Rudomin and Schmidt 1999; Willis 1999) . As in the cat (Eccles et al. 1961b) , the DRP and DRR evoked by a paired pulse applied to the dorsal root were temporally facilitated (Ͻ0.1 ms; Fig. 1C ) or depressed (Ͼ200 ms; Fig. 1C ) for more than 1 s, depending on the interstimulus interval. Additionally, spatial facilitation of the DRR was also observed when two adjacent dorsal roots were stimulated simultaneously at the strength that independently did not produce DRR (Fig. 1E) . Finally, frequency dependence of the DRP-DRR was observed by increasing the stimulation frequency from 0.025 to 20 Hz. Hence, at 1 Hz the DRR was significantly depressed, whereas the DRP was only partially reduced ( Fig. 1D) . At 20 Hz the DRP was completely abolished. These data indicate that the DRP-DRR recorded from the turtle spinal cord has properties similar to those observed in amphibians and mammals (Bagust et al. 1985; Eccles et al. 1961b; Tregear 1958) .
Differential sensitivity of DRR-DRP to GABA A antagonists. Based on the sensitivity of the DRP-DRR to picrotoxin together with the morphological evidence (Gray 1962 ; Ru-
Fig. 1. Properties of the dorsal root potential (DRP) and the dorsal root reflex (DRR).
A: scheme showing the lumbar spinal cord segments in continuity with dorsal roots (DR8 and DR9) connected to suction electrodes to record the DRP and to stimulate primary afferents. An additional suction electrode is placed on the cord dorsum to record the cord dorsal potential (CDP). Typical CDP and the DRP-DRR recordings are shown in insets. B: components of the dorsal root potential: I, II, and III represent the afferent volley; DRR are antidromic action potentials (aAPs) produced by primary afferent depolarization; and DRP is the electrotonic negative wave produced by the afferent depolarization. C: temporal facilitation (top recordings) and depression (bottom recordings) evoked by a paired-pulse protocol applied at different interstimulus intervals indicated below the traces. Plots show the ratio of the conditioned and the test DRR areas (A2/A1). D: frequency dependence of DRR and DRP. Five superimposed traces of the DRP and DRR evoked to the indicated frequencies are shown. E: spatial facilitation of the DRR produced by independent stimulation of DR8 and DR10 (top and middle traces, respectively) and by simultaneous stimulation of both roots (bottom trace). domin and Schmidt 1999), GABAergic terminals were postulated to establish axo-axonic synapses with afferent terminals (Eccles et al. 1963) . In supraspinal neurons, 1 M gabazine blocks synaptic GABA A receptors without affecting the tonic GABAergic current mediated by extrasynaptic GABA A receptors (Bai et al. 2001; Semyanov et al. 2003) . In the turtle spinal cord, 1 M gabazine abolishes presynaptic inhibition of primary afferents and depresses the DRP (phasic PAD) evoked by a conditioning stimulation (Bautista et al. 2010 ). This suggests that presynaptic inhibition of transmitter release from primary afferents is mediated by synaptic GABA A receptors also responsible for the phasic PAD (Eccles et al. 1963; Rudomin and Schmidt 1999; Schmidt 1971) . Therefore, we decided to assess the action of gabazine (at the same concentration) on the DRP-DRR. Figure 2A shows that gabazine depresses the DRR by 80% and the DRP by 50%; the remaining DRR was abolished by adding 100 M picrotoxin, and in this condition the DRP amplitude was decreased to ϳ30%. Similar results were observed in nine additional preparations. Given that picrotoxin at this concentration blocks the tonic current mediated by extrasynaptic GABA A receptors in several neuronal types from supraspinal nuclei (Farrant and Nusser 2005; Semyanov et al. 2003 Semyanov et al. , 2008 , it is likely that these high-affinity receptors may be present in primary afferents.
In hippocampal and cerebellar neurons (Glykys et al. 2008; Korpi et al. 1995; Nusser et al. 1998 ), a tonic inhibitory current mediated by extrasynaptic ␣ 5 GABA A and ␣ 4/6 GABA A receptors was blocked by L-655,708 and furosemide, respectively. In a previous work, we found that furosemide facilitates the monosynaptic reflex without affecting the DRP, suggesting that the ␣ 4/6 -subunit-containing GABA A receptors may not be located on primary afferents (Bautista et al. 2010) . Therefore, we next decided to test whether ␣ 5 GABA A receptors are present in primary afferents. Figure 2B illustrates the action of L-655,708 on the DRP-DRR. Interestingly, the amplitude of the DRP and the area under the curve of the DRR were depressed about 20 Ϯ 3 and 30 Ϯ 5%, respectively (n ϭ 8; Fig.  2B ). To minimize the possibility that the DRR-DRP depression might be due to changes in afferent volley or interneurons mediating PAD, we simultaneously recorded the CDP. Figure  2C shows that the three phasic potentials related to the afferent volley and the area under the curve of the N wave produced by the activation of the second-order interneurons were not affected by L-655,708 (control: 100 Ϯ 9% vs. L-655,708: 99 Ϯ 12%; P Ͼ 0.05, n ϭ 8). Therefore, we conclude that the depression of the DRR may be produced by blockade of ␣ 5 GABA A receptors located on primary afferents.
If the DRR is produced by PAD mediated by activation of synaptic GABA A receptors, two questions arise: first, what is the role of extrasynaptic GABA A receptors? And second, are L-655,708-sensitive synaptic GABA A receptors responsible for PAD? To answer these questions, we decided to study the action of L-655,708 on primary afferent excitability by means of the excitability testing technique. Figure 3A shows the configuration used to stimulate the afferent terminals with an electrode placed on the transverse section of the spinal cord (as described in METHODS). The voltage response evoked by intraspinal stimulation of the afferent terminals was recorded from the dorsal root close to the spinal cord. The earliest response was considered to be the composite aAP because it followed stimulation frequencies one-to-one up to 20 Hz and was blocked by tetrodotoxin (Fig. 3B) . The second and the third potentials were the DRR and DRP, respectively; as we showed earlier (Fig. 1D ), they were abolished at stimulation frequencies of 1 and 20 Hz, respectively (Fig. 3B) . Consequently, we decided to investigate the effect of a conditioning stimulation of the adjacent dorsal root on the phasic state of excitability in primary afferents. With DR8 as the test site and DR9 for conditioning (Fig. 3C) , we found that the increase in excitability started at 20 ms and lasted up to 300 ms with a maximum at 30 ms. Therefore, as reported previously in the cat (Eccles et al. 1962; Wall 1958) , the increase in excitability in the turtle spinal cord had a time course similar to that of the DRP evoked by a dorsal root stimulation ( Figs. 2A and 3C ).
Differential actions of GABA A antagonists on primary afferent fiber excitability. As we showed previously, presynaptic inhibition is abolished by application of gabazine at 1 M and bicuculline or picrotoxin at 20 M (Bautista et al. 2010), concentrations that in many neurons predominantly block synaptic GABA A receptors (Farrant and Nusser 2005; Semyanov et al. 2008) . Therefore, using the excitability test, we decided to investigate the action of these antagonists on the tonic and phasic states of primary afferent excitability. Figure 4A shows the composite aAP evoked by test and conditioning stimulation. The area under the curve of the aAP was increased by ϳ36%, and as expected the DRR evoked by test stimulation was blocked by the conditioning stimulation. When 20 M picrotoxin was added to the bath solution, the increase in the phasic state of excitability was completely prevented without affecting the tonic state of excitability (Fig. 4B) . This was evident when the test aAP in normal Ringer was superimposed with the conditioning in the presence of picrotoxin (Fig. 4C) . After blocking the phasic increase in excitability produced by the PAD, we decided to investigate the action of 100 M picrotoxin on the tonic state of excitability. Interestingly, the test aAP area was increased in average about 23% (n ϭ 5; Fig.  4, D and F) compared with the conditioned response obtained in the presence of 20 M picrotoxin, but it was almost the same as the unconditioned response (P Ͼ 0.05, n ϭ 5; Fig. 4,  E and F) . This means that more axons were recruited by the test stimulation in the presence of 100 M picrotoxin. As previously mentioned, the high concentration of picrotoxin (100 M) blocks extrasynaptic GABA A receptors. Therefore, this result suggests that primary afferents may be tonically shunted by extrasynaptic GABA A receptors.
We next examined the activity of L-655,708 on the test aAP followed by the DRR and the facilitated conditioned aAP with depressed DRR, both recorded in Ringer control solution (Fig. 5A) . Unexpectedly, the increased phasic state of excitability produced by the conditioned stimulation in Ringer control (Fig. 5,  A and B) was not blocked by L-655,708. In fact, there was an additional facilitation (30 Ϯ 12%) in addition to that produced by the conditioning stimulus in Ringer control solution (Fig.  5B) . Likewise, in parallel with the aAP facilitation, the DRR evoked by the test stimulus was depressed by L-655,708 (Fig.  5C ) as observed with the DRR recorded at the rising phase of the DRP (Fig. 2B) . These results show that L-655,708 did not depress the PAD induced by the conditioned stimulus and suggest that the PAD may be produced by activation of GABA A receptors with an ␣-subunit not sensitive to the drug. The increase in the unconditioned aAP amplitude (21 Ϯ 2%) and the depression of the DRR by L-655,708 indicate the presence of a tonic modulation of primary afferent excitability. Therefore, these results reveal a dual action of ␣ 5 GABA A receptors: shunting and depolarizing the axonal membrane. When ␣ 5 GABA A receptors are blocked by L-655,708, the intraspinal stimulus recruits more axons, enhancing the aAP because of increased membrane resistance. At the same time, due to removal of the tonic depolarization, fewer axons reach the threshold for action potential activation, and the DRR decreases.
Expression of ␣ 5 GABA A receptors in DRGs. The following experiments were performed to further determine whether the extrasynaptic ␣ 5 GABA A receptors were indeed present in our model system. First, we designed a set of primers from conserved regions among the ␣ 5 -subunits expressed in different species (Castro et al. 2012b) . Total RNA samples from turtle DRGs were then analyzed by RT-PCR. The results showed the presence of a band of the expected size (392 bp) corresponding to the ␣ 5 -subunit. The specificity of the PCR products was confirmed by the positive control obtained from the rat brain RNA sample and by negative control reactions where reverse transcriptase was omitted (Fig. 6A, top) . The identity of all amplified mRNA was verified by automatic sequencing.
Likewise, Western blot analysis using an anti-␣ 5 -subunit antibody gave a prominent band for the positive control (rat brain) and for turtle DRG and sciatic nerve samples. This band was of the expected mass for the full-length ␣ 5 polypeptide (55 kDa) and was more intense in DRG tissue than in nerve homogenates (Fig. 6A, bottom) . No band was observed in membranes from HEK-293 cells that were used as a negative control. Therefore, these results suggest the expression of ␣ 5 GABA A receptors in the spinal cord.
The extrasynaptic localization of the ␣ 5 GABA A receptors was then studied using immunohistochemistry. Interestingly, ␣ 5 -subunit immunoreactivity was observed along afferent nerve fibers entering the spinal cord via the dorsal root (Fig.  6B) . Therefore, DRGs were next examined for ␣ 5 -subunit immunoreactivity. As shown in Fig. 6C , DRG neurons had a rounded appearance, a prominent nucleus with relative clear nucleoplasm, and a low nucleus-to-cytoplasm ratio. Notably, a substantial amount of ␣ 5 -subunit labeling was detected in the somata of DRG cells of different sizes (Fig. 6C, left) . Virtually all of the staining was localized to the peripheral surface membrane, showing a discontinuous or patchy pattern (Fig.  6C, right) . As expected, immunostaining was excluded from the nuclei. Likewise, no labeling was seen in the absence of the primary antibody (not shown).
DISCUSSION
In the present work we show that the DRR and the phasic and tonic states of excitability of primary afferents are modulated by low-affinity synaptic GABA A receptors and high-affinity extrasynaptic GABA A receptors. Consistent with this, using the excitability test, we found that the tonic state of primary afferent excitability is increased by blockade of ␣ 5 GABA A receptors without reducing the phasic state of primary afferent excitability. 
Characterization of voltage deflections evoked by conditioning dorsal root and intraspinal electrical stimulation.
Our data on the DRP I-IV deflections recorded in the adult turtle preparation agree with those reported in the spinal cord of the cat (Lloyd and McIntyre 1949; Tregear 1958; Willis 1999) . The responses after these deflections corresponded to the DRR with properties similar to those of the DRR recorded in the cat (Eccles et al. 1961b ), i.e., central latency, temporal and spatial facilitation, paired-pulse depression, and frequency stimulation dependence. In other series of experiments to test the primary afferent excitability, the intraspinal stimulation evoked three potentials recorded from the dorsal root. Only the earliest response followed high-frequency stimulation and was abolished by tetrodotoxin as expected for action potentials. The late responses were the DRR and the DRP evoked by activation of GABAergic interneurons synapsing on primary afferents (Eccles et al. 1961b) . They showed the same frequency dependence as DRR and DRP recorded in the cat (Fig. 1D) .
DRR are modulated by synaptic and extrasynaptic GABA A receptors. The fact that the DRR and DRP were not abolished by 20 M picrotoxin or 1 M gabazine but that a higher dose (100 M) completely depressed the DRR and produced an additional reduction in the DRP amplitude suggests that phasic and tonic excitability were affected.
Reinforcing our interpretation is the observation that picrotoxin at 100 M is effective in blocking extrasynaptic GABA A receptors in neurons from hippocampus, cerebellum, and thalamus, where they mediate an inhibitory current producing a tonic shunt of the membrane (Farrant and Nusser 2005; Semyanov et al. 2003 Semyanov et al. , 2008 . Therefore, it is likely that primary afferents may express this type of receptors. This conclusion is supported by the observation that the DRR was depressed by L-655,708, an inverse agonist of ␣ 5 GABA A receptors located at extrasynaptic regions in neurons from hippocampus (Caraiscos et al. 2004) . In this scenario, tonically active ␣ 5 GABA A receptors might produce tonic depolarization of primary afferents and tonic shunt to reduce membrane resistance. On the other hand, it is valid to assume that when these receptors are blocked, the membrane potential of the nerve terminals will be hyperpolarized so that PAD will not reach the threshold in many axons for the generation of DRR. Similar results have been observed in mossy fibers from hippocampus, where muscimol increased the action potential firing rate when granule cells were recorded with a high-Cl Ϫ pipette solution, therefore depolarizing the Cl Ϫ equilibrium potential as in primary afferents (Ruiz et al. 2003) .
High-affinity GABA receptor blockade did not depress PAD. In agreement with our previous report (Bautista et al. 2010) , low concentrations of picrotoxin (20 M) and gabazine (1 M) abolished the primary afferent increase in excitability, suggesting that presynaptic inhibition is well correlated with the phasic change in excitability mediated by activation of synaptic GABA A receptors. Unexpectedly, a high concentration of picrotoxin (100 M) facilitated the compound action potential. This increased primary afferent tonic excitability suggests the presence of tonically active GABA A receptors in primary afferents, shunting the electrical stimulus as in mossy fibers (Ruiz et al. 2003) . Shunting by tonically active GABA A receptors has also been reported in cerebellar granule cells (Chadderton et al. 2004 ) and motoneurons (Castro et al. 2011a; Delgado-Lezama et al. 2004) , where excitatory postsynaptic potentials (Chadderton et al. 2004; Delgado-Lezama et al. 2004) were facilitated after blockade of extrasynaptic GABA A receptors.
L-655,708 increased the tonic state of excitability, reflected by the facilitation of the antidromic compound action potential, without reducing the phasic state of excitability (PAD). This suggests the presence of ␣ 5 GABA A receptors at peri-and extrasynaptic locations. It should be noted that whereas the antidromic compound action potential was facilitated by L-655,708, the DRR evoked by activation of primary afferent collaterals was depressed. This result supports the conclusion that high-affinity GABA A receptors might produce both shunting and tonic depolarization of the axonal membrane. This is in agreement with the dual effect of GABA on afferent fibers in the cuneate nucleus and on cell bodies in the DRG, where GABA-induced depolarization is accompanied by decreased excitability. It has been suggested that this may be due to a shunting effect associated with an increased Cl Ϫ conductance (Deschenes et al. 1976; Hayes and Simmonds 1978) . The relatively small effect of L-655,708 on the area of the compound action potential might be produced by blockade of ␣ 5 GABA A receptors tonically activated by ambient GABA. Under this condition, it is likely that not all extrasynaptic GABA A receptors are active as has been observed in neurons from hippocampus (Bai et al. 2001; Semyanov et al. 2003) . Interestingly, in the spinal cord motoneurons, the excitatory postsynaptic potential (EPSP) was also facilitated ϳ20% after blockade of high-affinity GABA A receptors (Delgado et al. 2004 ). In addition, it is acknowledged that primary afferents express a variety of GABA A receptors (␣ 5 /␣ 2 /␣ 3 /␣ 1 ; Alvarez et al. 1996; Barolet et al. 1985; Carlton et al. 1999; Furuyama et al. 1992; Ma et al. 1993; Persohn et al. 1991; Paul et al. 2012; Singer and Placheta 1980) and that their tonic activation is dependent on the GABA concentration. Therefore, ␣ 5 GABA A receptors could only exert a partial control on cell excitability. This may help to explain why the effect of L655,708 on the facilitation of aAP is only ϳ21 Ϯ 2%.
Finally, our results may help to respond to the question asked by Levy and Anderson (1972) concerning the action of picrotoxin in the cat spinal cord. They found that picrotoxin exhibits two opposing effects on primary afferent depolarization in the excitability test; it increases the tonic depolarization because the test response was facilitated, whereas the phasic depolarizing effect of conditioning stimulation was decreased, suggesting a dissociation of the phasic and tonic depolarizing systems. These authors proposed that GABA inhibits the tonic presynaptic depolarization system (Levy and Anderson 1972) . Here, we speculate that phasic depolarization observed in our experiments might be mediated by synaptic GABA A receptors, whereas tonic depolarization might be associated with the activation of extrasynaptic GABA A receptors that contain the ␣ 5 -subunit by ambient GABA.
Expression of ␣ 5 GABA A receptors along the primary afferents. Our biochemical and molecular studies showed that the ␣ 5 -subunit of the GABA A receptor was present in the turtle spinal cord. Further immunofluorescence studies revealed that ␣ 5 GABA A receptors were indeed present in the primary afferents and in their somas. The presence of extrasynaptic GABA A receptors or their subunits in axons and somas of primary afferents have been shown previously (Alvarez et al. 1996; Barolet et al. 1985; Furuyama et al. 1992; Ma et al. 1993; Paul et al. 2012; Persohn et al. 1991; Singer and Placheta 1980) . In particular, the mRNA encoding the ␣ 5 -subunit has been found in embryonic rat (Ma et al. 1993 ) and human adult DRG neurons (Maddox et al. 2004 ). Recently, it was shown that the ␣ 5 -subunit was mainly expressed in myelinated fiber terminals (Paul et al. 2012) . Likewise, the presence of two types of GABA A receptors with different affinities and kinetics has been reported in DRG neurons by electrophysiological studies (Akaike et al. 1986 ). In addition, the depolarizing action of GABA in peripheral nerves, including the DRG, and its blockade by picrotoxin and bicuculline have been reported since the 1970s (Brown and Marsh 1978; De Groat et al. 1972; Feltz and Rasminsky 1974; Levy 1975; Morris et al. 1983) .
In line with these reports, it has been proposed that the peripheral PAD mediated by extrasynaptic axonal ␣ 1 GABA A receptors plays a role in the modulation of nociceptive transmission (Carlton et al. 1999) and that activation of peripheral GABA A receptors decreases the spike amplitude in C-fibers and slows its conduction rate as a result of increased Cl Ϫ conductance (Brown and Marsh 1978) . Although additional immunohistochemistry assays including a synapse marker would give supplementary support to our electrophysiological studies, the fact that ␣ 5 -subunit-containing GABA A receptors were found along the dorsal roots, cell bodies, and peripheral axons, in conjunction with the fact that L655,708 did not affect the phasic increase in excitability produced by activation of synaptic GABA A receptors, strongly suggests that ␣ 5 GABA A may be located at extrasynaptic places in primary afferents.
Functional implications of extrasynaptic ␣ 5 GABA A receptors expression. Willis (1999) suggested that neurogenic inflammation may be associated to release of substance P and CGRP in peripheral tissues, including the skin and joints, by DRR propagated peripherally. In addition, the ␣ 5 GABA A receptors expressed on primary afferents (Paul et al. 2012 ) may be upregulated in DRG neurons after peripheral nerve injury (Yang et al. 2004) . In this scenario, extrasynaptic ␣ 5 GABA A receptors might play an important role in pain because, as we have shown, they can be activated by ambient GABA increasing tonic excitability of primary afferents and reducing the threshold for activation of the DRR. Therefore, to consider these receptors as potential targets for pain treatment, further experiments directed to establish whether or not they are expressed in C-and A␦-fibers and control their excitability are warranted.
